Load dependence is an important source of variation in left ventricular (LV) deformation. This impacts on the precision of information obtained from serial measurements. However, it is clinically important to distinguish actual myocardial dysfunction from changes associated with altered loading conditions. We sought to investigate the association of changes of loading parameters with changes in LV longitudinal (GLS) and circumferential (GCS) strains.
Introduction
The assessment of myocardial deformation has become a valuable means of quantifying cardiac function. 1 In particular, global longitudinal strain (GLS) reflects subendocardial function-an aspect that is susceptible to wall stress, ischaemia, and fibrosis. GLS is a sensitive marker of early subtle abnormalities of myocardial performance, superior to conventional indices, including left ventricular (LV) ejection fraction. 2, 3 The clinical applicability of strain measurement seems to be particularly relevant in identification of subclinical dysfunction and tracking the progression of disease, also in response to treatment. 4 -7 An understanding of the causes of test-retest variation is important in order to optimize the information obtained from serial measurements. This point is especially important in the context of the 10-15% threshold of change in GLS as a marker of risk of cardiotoxicity. 8 Load dependence is an important source of variation to all ejection phase parameters. Adequate evaluation of this problem is particularly challenging in clinical settings, where adaptive mechanisms are aimed at preserving cardiac output (e.g. changes in heart rate and contractility in response to metabolic and neurohormonal stimuli), as well as coexisting myocardial hypertrophy may conceal subtle impairments in cardiac function. Previous studies, mostly experimental, demonstrated variable effects of generally large, acute changes in preload and afterload on LV strain. 9 -13 A better understanding of the impact of clinically meaningful changes in afterload on the change of LV deformation over time would help to distinguish myocardial dysfunction from changes associated with altered loading conditions. We sought to investigate sequential changes in LV longitudinal and circumferential deformation among patients without LV impairment, equivalent to Stage A heart failure, who had sequential echocardiographic imaging and simultaneous measurement of conventional loading parameters (i.e. clinic BP and 24 ABPM). We chose a stable hypertensive population for this purpose, to avoid acute myocardial changes (e.g. from chemotherapy), that would confound the relationship. This group also had studies of central BP and associated indices [augmented pressure (AP), central pulse pressure, effective arterial elastance index (EaI)]. Pulse wave-derived parameters are believed to reflect LV afterload more accurately than brachial BP measurements.
Methods

Study subjects
Subjects were obtained from the BP GUIDE study, a prospective, openlabel, blinded-endpoint randomized trial, comparing two modes of guiding hypertension management over 1 year of follow-up: best-practice usual care (using office, home, and 24-h ambulatory BP) or central BP.
The protocol of that study has been described in detail previously. and ≤48 g/m 2.7 in men) or advanced LV diastolic dysfunction (no LV filling pressure elevation as indicated by E/e ′ ratio ,13), and without conduction disturbances, which might affect mechanical dispersion. Antihypertensive medication quantity taken by each patient was determined by daily defined dose (DDD) calculated as per World Health Organization standard. 15 
BP and haemodynamic measurements
Oscillometric office brachial BP (Omron HEM 907; Omron Healthcare, Kyoto, Japan) and radial tonometry-based central BP (SphygmoCor; AtCor Medical, Sydney, Australia) were recorded in duplicate, after 10 min of rest in the sitting position. Twenty-four-hour ambulatory BP was recorded using TM 2430 equipment (A&D Mercury, Thebarton, SA, Australia) with readings obtained every 30 min during the day (6 am to 10 pm) and 60 min overnight (10 pm to 6 am).
Radial waveforms were calibrated using brachial systolic (SBP) and diastolic blood pressures (DBP). AP was measured as the pressure difference between the first and second systolic peaks on the central pressure waveform and adjusted to a standard 75 bpm to correct for differences in heart rate. Central end-systolic pressure was determined from the central pressure waveforms at the point of aortic valve closure.
EaI was calculated as the ratio of central end-systolic pressure to echocardiographically derived stroke volume index, with LV end-systolic elastance index (ELVI) calculated as the ratio of central end-systolic pressure to end-systolic volume index. Arterial-ventricular coupling ratio was expressed as the quotient of EaI and ELVI. Peripheral vascular resistance index was acquired by mean arterial pressure/cardiac index (the product of 3D stroke volume and heart rate indexed to body surface area).
Echocardiography
Echocardiographic imaging was performed using Vivid E9 and Vivid 7 machines (GE, Vingmed Ultrasound, Horten, Norway) equipped with phased array 2.5 MHz multifrequency transducers.
Conventional and tissue Doppler imaging
Cardiac dimensions and wall thicknesses were measured according to the recommendations of the American Society of Echocardiography. 16 LV ejection fraction was assessed by real-time 3D echocardiography as previously described. 17 Left atrial (LA) volume was calculated using
Simpson's rule from the apical four-and two-chamber views at endventricular systole, just before mitral valve opening. LA volume index was acquired by correcting LA volume for body surface area. Pulsedwave Doppler recordings of the LV inflow were obtained from the apical four-chamber view with the sample volume placed between the tips of the mitral leaflets, and the parameters evaluated were peak early (E) and late diastolic flow velocities (A), and deceleration time of E wave (DT). Peak early diastolic tissue velocity (e ′ ) at the septal and lateral aspects of the mitral annulus was assessed by pulse wave tissue Doppler. LV filling pressure was estimated by the ratio of mitral inflow early diastolic velocity to the average e ′ velocity acquired from the septal and lateral portions of the mitral annulus (E/e ′ ).
Speckle tracking imaging
A semi-automated 2D speckle tracking technique (Echopac, GE Medical Systems) was used for the evaluation of myocardial deformation. LV longitudinal strain was assessed in the three apical views and circumferential strain in parasternal short axis view at the papillary muscles level with a typical temporal resolution of 60 -80 frames/s. After manual definition of the myocardial region of interest, the software automatically determined six segments in each view and tracked the motion of acoustic markers. Myocardial segments with a poor tracking quality were readjusted manually and, if improvement was not achieved, were not considered in further analysis. The measurements comprised the greatest negative value on the strain curve. GLS and global circumferential strain (GCS) were calculated as the average from all measured LV segments. Mechanical dispersion was calculated as the standard deviation of the of time from the ECG peak R-wave to peak negative longitudinal strain from the 18 LV segments in the apical views (GLS-SD) or to peak negative circumferential strain from the 6 LV segments in the parasternal short axis view (GCS-SD). An alternative measure for mechanical dispersion was the difference (MD-maximal difference) between the longest and shortest time interval from the ECG peak R-wave to peak negative strain in the 18 LV segments in the apical views for longitudinal function (GLS-MD) and in the 6 LV segments in the parasternal short axis view for circumferential function (GCS-MD). 18 All echocardiographic parameters were averaged over three consecutive cardiac cycles.
Statistical analysis
Data are presented as mean + SD. Longitudinal comparisons were carried out by a paired two-sided Student's t-test. Associations of global longitudinal and circumferential strains and their dispersions with LV afterload-associated parameters were assessed with Pearson's correlation coefficients and stepwise multiple regression analysis. To avoid a significant colinearity of independent factors, variables with a tolerance (1 -R 2 ) of ,0.1 and a variance inflation factor (1/(1 -R 2 )) of .10 were excluded from the models as being a possible cause of over-adjustment. Changes in particular parameters were calculated by subtracting the baseline from the 1-year follow-up value and were expressed in the units of their measurements.
To further explore the significance of association between LV load and LV deformation, we performed the afterload-correction analysis of longitudinal and circumferential strains and their dispersions. The study population was randomly split 2:1 into a training and validation set. The training set was used to define LV afterload -strain relationships by the regression equation of changes in strains vs. changes in LV afterload parameters from baseline to follow-up. In the validation set, both baseline and follow-up strain values were normalized to LV afterload measures and were included in the Bland -Altman and Pearson analyses comparing actual (unadjusted) follow-up strain vs. predicted follow-up strain (from the regression equation established in the training set), and actual afterload-adjusted follow-up strain vs. predicted afterload-adjusted follow-up strain. We anticipated that improvement in the Bland -Altman limits of agreement and correlation coefficient following afterload adjustment would indicate the effect of loading conditions on LV deformation. A similar analysis was performed for LV ejection fraction.
The reproducibility of echocardiographic measurements was evaluated by the Bland -Altman method (mean difference and 95% CI). All analyses were performed with standard statistical software (Statistica for Windows 10, StatSoft, Inc., Tulsa, OK, USA). The level of statistical significance was set at a two-sided P-value of ,0.05.
Results
Participant characteristics
The study population was overweight (BMI 29.4 + 4.9 kg/m 2 ), with almost equal sex distribution (males 51%) and prevalence of diabetes reaching 7%. Antihypertensive therapy consisted of ACEI in 30%, ARB in 65%, Ca channel blockers in 30%, diuretics in 39%, and betablockers in 10% of patients. Normal LV geometry was found in 61 patients, whereas concentric remodelling was present in 130.
Changes from baseline to follow-up
The median value (interquartile range) of changes in central SBP and central DBP over the follow-up was 21 (210 to 7) and 21 (27 to 4), respectively. A small, but significant increase in 24-h SBP and DBP was noted at follow-up, whereas the other BP variables did not alter over the observation period. Among cardiovascular characteristics, significant decrease in e ′ and increase in E/e ′ suggesting a slight deterioration of LV diastolic function were demonstrated at follow-up. No changes were found in GLS or GCS and their dispersions ( Table 1) .
Relationship of LV afterload to myocardial deformation
Significant, but weak univariable correlations of LV strain parameters and their changes over the follow-up period were shown for the majority of LV afterload-associated variables: central and brachial SBP, DBP and mean blood pressure (MBP), 24-h SBP and DBP, central pulse pressure, central AP, EaI, and pulse wave velocity (Supplementary data online, Table S1A and S1B, Figure 1) . A, late diastolic mitral flow velocity; AP, augmented pressure; AV, arterialventricular; BPP, brachial pulse pressure; CPP, central pulse pressure; DBP, diastolic blood pressure; DT, deceleration time of E wave; E, peak early diastolic mitral flow velocity; e ′ , peak early diastolic mitral annular velocity; EaI, effective arterial elastance index; ELVI, left ventricular end-systolic elastance index; GCS, global LV circumferential strain; GLS, global LV longitudinal strain; LA, left atrial; LV, left ventricular; MBP, mean blood pressure; PVRI, peripheral vascular resistance index; PWV, pulse wave velocity; SBP, systolic blood pressure. GLS and GCS dispersion parameters: SD, standard deviation of the time from the ECG peak R-wave to peak negative strain from the 18 LV segments; MD, the maximal difference between the longest and shortest time interval from the ECG peak R-wave to peak negative strain in measured segments. associations and changes in both GLS and GCS dispersion parameters (SD and MD) were very similar, only GLS-SD and GCS-SD were used in further analysis.
Stepwise multiple regression analysis revealed that apart from sex, BMI, DDD, and ELVI, the independent correlates of LV strain were central MBP and EaI. Changes in central AP, EaI, and ELVI from baseline to follow-up independently contributed to analogous changes in LV deformation ( Table 2) . Central MBP was the only independent determinant of GLS dispersion (P ¼ 0.004), whereas central SBP was associated with GCS dispersion (P ¼ 0.03). Delta central AP was independently correlated with delta GLS dispersion (P ¼ 0.01).
Correction of myocardial deformation for LV afterload
No improvement in the Bland-Altman 95% limits of agreement and correlation coefficients was seen with LV afterload correction of GLS and GCS and their dispersions using central SBP, central MBP, and central AP ( Table 3) . Similar results were demonstrated for LV ejection fraction.
Subanalyses of special groups
To eliminate the confounding effect of alterations in therapy, particularly in negative inotropes, on our analysis, we identified a stable subgroup with no alterations in DDD and relatively steady central SBP at follow-up (+5 mmHg). To assess the effect of extremes of variability in afterload observed in our study on LV deformation, we separately evaluated patients from the upper and lower quintiles of changes in central SBP at follow-up. Similar to the overall study population, in the aforementioned subgroup analyses, all longitudinal and circumferential strain parameters remained unchanged over the observation period (Supplementary data online, Tables S2 and S3 ).
Reproducibility
The intra-and interobserver variabilities of myocardial deformation measurements, assessed in 15 randomly selected examinations, analysed twice on 2 separate days with the time interval of 4 weeks, were as follows: for GLS, 20.3% (20.7; 0.2) and 0.6% (20.3: 
Discussion
This study demonstrates the stability of LV longitudinal and circumferential deformation over time in the setting of subtle changes in LV afterload in a population without apparent heart disease. It seems unlikely that such afterload fluctuations, occurring in stable clinical conditions, will be a significant confounder in repeated GLS or GCS observations. 
Load and LV deformation
The link between LV load and myocardial function is well known, with classical invasive methods showing a linear end-systolic stress -strain relationship. 19, 20 The magnitude of LV strain is the result of the interplay between loading conditions and myocardial determinants, including passive tissue behaviour, myocardial fibre orientation, myofiber crossover between the subendocardial and subepicardial layers, and the development of active stress perpendicular to the fibre orientation. 21, 22 The effect of changes in LV load can be modified by pre-existing LV pathologies, including hypertrophy, dilatation, and contractile state abnormalities. 11, 19 Consequently, we selected a population without apparent myocardial pathology-specifically with normal LV mass and non-elevated LV filling pressure, compatible with Stage A heart failure. Most previous reports have demonstrated a reduction of LV strain with increased afterload, although the range of BP changes in these acute interventions, especially in animal models with aortic banding, was larger than that expected in stable clinical conditions. 10 -12 The effect of analogous manoeuvres with preload was less clear, 9, 11, 13, 19 possibly due to concomitant effect of fluid infusion or vasodilator administration on afterload. Nonetheless, it might be expected that higher preload might stimulate myocardial contractility by increasing LV end-diastolic pressure and potentiating the Frank -Starling mechanism before reaching the inflection point on the myocardial performance curve. Ambiguous associations of LV longitudinal deformation with central and peripheral haemodynamic characteristics were demonstrated in a recent paper in a human hypertensive cohort. 23 In the present study, we carried out a comprehensive evaluation of LV afterload using non-invasive parameters of central haemodynamics derived from the pulse wave analysis. In our population with uncomplicated, well-controlled hypertension, a weak negative impact of increased afterload on LV longitudinal and circumferential deformation was reported for multiple LV afterload-associated indices (SBP, DBP, and mean BP, pulse pressure, AP, EaI, and pulse wave velocity). Central mean and augmented BPs and arterial elastance emerged as independent multivariable predictors.
The limited role of changes in LV afterload as a determinant of myocardial strain was further underpinned by the results of the afterload-correction analysis. Despite the postulated nonuniformity of wall stress across the myocardial layers resulting from the differences in fibre orientation and local geometry, we did not observe different effects of change in LV afterload on longitudinal and circumferential deformation. These findings conflict with a previous study which revealed higher vulnerability to load alterations of circumferential strain, 1 perhaps because of different population characteristics in these studies, with better preserved longitudinal function in our cohort. The small mean change in LV deformation over follow-up poorly reflected the actual changes in individual patients. The positive and negative changes mutually offset when the mean value for the whole group was calculated.
Mechanical dispersion
Regional heterogeneity of myocardial contraction represents another exemplification of functional abnormalities, which is presumed to provide additional clinical and prognostic information. 1, 18, 24 Subtle mechanical inhomogeneity as demonstrated in this study by longitudinal and circumferential strain dispersion paralleled the changes in the amount of deformation in respective directions and, similar to the analysis for the absolute strain values, was only weakly associated with LV load. This further supports the notion of a relatively large invulnerability of LV deformation to modest afterload alterations, observed in patients with stable BP status.
In contrast to the absence of deterioration of LV deformation over the study period, significant detrimental changes in e ′ and E/e ′ were found at follow-up, which might suggest earlier development of pathophysiologic derangements responsible for diastolic dysfunction. LV strain assessment, given its superiority in diagnostic sensitivity over conventional indices including LV ejection fraction and a marginal dependence on changes in afterload occurring during a stable hemodynamic state, offers a clinically valuable option for patients requiring repetitive evaluations of LV performance. This is particularly the case for GLS, which is widely available and reproducible.
Limitations
This study should be interpreted in the context of three limitations. First, we have not measured systolic strain rate, assuming that low temporal resolution of this parameter using speckle tracking would unacceptably limit the accuracy of assessment. Second, LV preload was not estimated in this study; therefore, the potential impact of this factor on the results cannot be excluded. Third, we used the parameters of central haemodynamics to test the relationships between myocardial function and afterload, which requires dedicated equipment that is not uniformly available. Furthermore, radial tonometry may also be subject to measurement error and underestimation of central SBP due to issues such as brachial-to-radial SBP amplification. 25 Other techniques to assess LV afterload conditions may have provided stronger relationships with LV deformation. 26 However, given the demonstrated correlations of brachial BP measurements with LV strain, careful evaluation of brachial BP as an afterload proxy seems sufficient in this context, albeit keeping in mind that in this study our careful BP evaluation was 'research' grade, involving repeated measures over 10 min.
Conclusions
LV longitudinal and circumferential deformation in a non-diseased myocardium is only slightly influenced by changes in LV afterload during haemodynamic stability. This finding reinforces the adequacy and accuracy of strain echocardiography as a clinical tool and extends the possibilities of clinical application of this technique in stable Stage A heart failure and normal hearts, especially in the context of sequential follow-up.
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